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ABSTRACT 

The torque created by the interaction of a spacecraft 
magnetic moment and the earth's magnetic field must be countered 
by the control moment gyro stabilization system on AAP-3 and 
AAP-4. Since the magnetic torque is small in absolute value, 
compared to gravity-gradient torque, the associated periodic 
component of momentum is of no importance. Interest in the mag- 
netic case is limited, therefore, to bias momentum effects which 
may lead to significant propellant reauirements for desaturating 
the gyros. Lack of definition of the ferromagnetic material 
in the configuration makes it impossible to formprecise estimates 
of these effects. 

What is felt to be a conservative, worst-case analysis 
has been effected for this configuration by making gross estimates 
of ferromagnetic quantities and their associated spacial distri- 
butions. Using an assumed 1% of total system weight for the 
ferromagnetic material (1300 pounds), the vehicle magnetic moment 

2 is estimated at 7000 ampere-meter . The maximum, average-per-orbit 
torque tendinq to align this moment with the earth's magnetic 
field is .12 lb-ft for a 240 nm, 28.5O inclined orbit. The 
resulting bias momentum is comparable to that due to the gravity- 
gradient torque acting on the AAP-3 and AAP-4 cluster with its 
l o n q  axis in the orbital plane. 

A discussion is included on the nature of the earth's 
magnetic field and basic magnetic concepts as a basis for these 
estimates. 
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I N T R O D U C T I O N  

Recent l i t e r a t u r e  has been a t t e n t i v e  t o  t h e  i n t e r -  
a c t i o n  o f  a n  o r b i t i n g  s a t e l l i t e  w i t h  t h e  e a r t h ' s  magnet ic  
f i e l d .  I n  p a r t i c u l a r  t h e  a u t h o r s  have c o n s i d e r e d :  

(1) The r e d u c t i o n  of t h e  a n g u l a r  v e l o c i t y  of  a 
s p i n n i n g  s a t e l l i t e  as a r e s u l t  o f  eddy c u r r e n t s  
induced  b y  i t s  motion r e l a t i v e  t o  t h e  e a y t h ' s  
f i e l d ,  

( 2 )  The d i s t u r b i n g  t o r q u e s  a r i s i n g  from t h e  n a t u r a l  
i n c l i n a t i o n  o f  a magnet ized v e h i c l e  t o  a l i g n  
i t s  magne t i c  a x i s  w i t h  t h e  ea r th ' s  f i e l d .  

( 3 )  The p o s s i b l e  u t i l i z a t i o n  of these  i n t e r a c t i o n s  
f o r  v e h i c l e  s t a b i l i z a t i o n  and c o n t r o l .  

These s t u d i e s  have  c o n s i d e r e d  v e h i c l e s  which are 
r e a s o n a b l y  amenable t o  d e f i n i t i o n  o f  t h e i r  magnet ic  p r o p e r t i e s .  
I n  genera l ,  s i n c e  t h e  v e h i c l e s  have been r e l a t i v e l y  small ,  it 
has been  p o s s i b l e  t o  c o n s i d e r  i n d i v i d u a l  magnet ic  e l emen t s  
and components, t o  make d i r e c t  measurements b e f o r e  f l i g h t  on 
t h e  assembled o p e r a t i n g  s t r u c t u r e ,  and ,  on o c c a s i o n  for s p i n -  
s t a b i l i z e d  v e h i c l e s ,  t o  deduce e f f e c t i v e  moments from f l i g h t  
data.  The s e v e r a l  AAP mis s ions  t o g e t h e r  will r e s u l t  i n  t h e  
a s s e m b l y  of  a l a r g e  v e h i c l e  i n  e a r t h  o r b i t  which p r e s e n t s  a 
much more complex s t r u c t u r a l  and magnet ic  problem. The 
assembled c o n f i g u r a t i o n  i s  unique i n  s i z e  and i n  i t s  m i s s i o n  
r e q u i r e m e n t s  f o r  a t t i t u d e  and p o i n t i n g  s t a b i l i t y .  It w i l l  
be s u s c e p t i b l e  t o  magne t i c  t o r q u e  d i s t u r b a n c e s  s i n c e  i t  i s  
a c o n d u c t i n g  body moving through a magnet ic  f i e l d , a n d  s i n c e  
its magnet ic  e l emen t s  w i l l  combine t o  produce a n e t  magne t i c  
moment. 

T h i s  memorandum d i s c u s s e s  t h e  e a r t h ' s  f i e l d ,  t h e  
computa t ion  of magnet ic  moments and t o r q u e s ,  and a t t e m p t s  t o  
e s t a b l i s h  an  upper  bound f o r  t he  s e v e r a l  t o r q u e  components,  
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THE EARTH'S MAGNETIC FIELD 

The e a r t h ' s  f i e l d  i n  s p a c e  occup ied  b y  a n  o r b i t i n g  
s a t e l l i t e  c a n  b e  approximated w i t h  a combina t ion  of one o r  
more magnet ic  d i p o l e s  l o c a t e d  a t  o r  n e a r  t h e  c e n t e r  o f  t h e  
e a r t h  [l]. T h i s  memorandum c o n s i d e r s  o n l y  t h e  s i m p l e s t ,  f i r s t  
approx ima t ion ,  t h a t  of  a s i n g l e  d i p o l e  a l i g n e d  w i t h  t h e  
e a r t h ' s  magnet ic  a x i s  w i t h  i t s  nor th-seeking-end  d i r e c t e d  
toward t h e  s o u t h e r n  magnet ic  p o l e .  To deve lop  a q u a n t i t a t i v e  
f e e l ,  w e  r e c a l l  t h a t  t h e  f l u x  d e n s i t y  a t  any p o i n t ,  P ,  i n  t h e  
v i c i n i t y  o f  a magnet ic  d i p o l e  i s  g i v e n  b y  [ll]: 

( m e r )  webers 
2 r 5 1  meter 

- 
Using t h e  r a t i o n a l i z e d  MKS s y s t e m  o f  u n i t s ,  t h e  moment, m ,  des- 
c r i b e s  t h e  d i p o l e  s t r e n g t h  i n  amperes-meters  . r i s  t h e  r a d i u s  
v e c t o r  i n  meters j o i n i n g  P w i t h  t h e  d i p o l e  c e n t e r ,  as shown i n  
F i g u r e  l A ,  and i n t e r s e c t i n g  m a t  a n  a n g l e  $. p o  i s  t h e  p e r m i t -  
t i v i t y  o f  f r ee  s p a c e ,  4 n  x webers/ampere-meter.  I n  
s p h e r i c a l  components, (1) r e s o l v e s  i n t o  

2 -  

Be = 0 

where r ,  $, and 8 are as shown i n  F i g u r e  1B. F o r  t h e  e a r t h ,  
IEl i s  approx ima te ly  . 8 1  x ampere-meter2 ; t a k i n g  

has a magnitude of  abou t  .62 x r = 6 .371  x 10 m e t e r s ,  - 6 lJ Om 

2 n r 3  2 webers/meter . Maximum and minimum f l u x  d e n s i t i e s  o c c u r  where 
s i n  IJJ c o s  IJJ = 0 ,  t h a t  i s ,  o v e r  t h e  magnet ic  p o l e s  and e q u a t o r ,  
r e s p e c t i v e l y .  One may v i s u a l i z e  two s imple  c a s e s :  The f i e l d  
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i s  c o n s t a n t  and u n i d i r e c t i o n a l  i n  t h e  magnet ic  e q u a t o r i a l  
p l a n e  where J, = 4 *  i n  t h e  magnet ic  p o l a r  p l a n e  t h e  f i e l d  
i s  p e r i o d i c ,  b e i n g  composed of the  two p e r i o d i c  components 
Br and B 

2 '  

J,*  

S i n c e  t h e  e a r t h ' s  magnet ic  and s p i n  a x e s  a re  i n -  
c l i n e d  a t  a n  a n g l e  o f  abou t  1 2  d e g r e e s ,  a v e h i c l e  i n  any 
p r a c t i c a l  o r b i t a l  p l a n e  w i l l  b e  s u b j e c t  to a f i e l d  which 
v a r i e s  b o t h  i n  magnitude and d i r e c t i o n  as a f u n c t i o n  o f  i t s  
p o s i t i o n .  To de te rmine  t h e  e f f e c t s  o f  t h e  f i e l d  on a v e h i c l e ,  
s u c c e s s i v e  c o o r d i n a t e  t r a n s f o r m a t i o n s  a re  n e c e s s a r y ,  t he re -  
f o r e ,  t o  t r a n s l a t e  from t h e  e a r t h  f i x e d  s p h e r i c a l  system 
of Equa t ion  (2) t o  a r e c t a n g u l a r  i n e r t i a l  s y s t e m .  Hodge and 
B l a c k s h e a r  [2] have performed t h i s  t r a n s f o r m a t i o n  and have 
i n t e g r a t e d  t h e  components of  o v e r  complete  o r b i t a l  p e r i o d s  
f o r  v a r i o u s  o r b i t a l  a l t i t u d e s  and i n c l i n a t i o n s .  T h e i r  
r e s u l t s  p e r m i t  computat ion of t h e  a v e r a g e ,  or b i a s ,  t o r q u e  
e x e r t e d  on a n  i n e r t i a l l y  o r i e n t e d  v e h i c l e  b y  t h e  e a r t h ' s  
f i e l d  on a p e r  o r b i t  - basis .  F i g u r e  2 shows t h e  ave rage  f l u x  
d e n s i t y  v e c t o r ,  B A ,  i n  an  e c l i p t i c  sys tem.  EA i s  i n c l i n e d  
a t  a n  a n g l e ,  
which i t  r o t a t e s  a n n u a l l y .  
i n c l i n a t i o n ,  i ,  and a l t i t u d e ,  r ,  can  be e x p r e s s e d  from t h e i r  
r e s u l t s  b y  

w i t h  r e s p e c t  t o  t h e  e c l i p t i c  normal  abou t  rA' 
The dependence of  EA on o r b i t  

webers 
2 meter 

[ 3  t c o s  2 i ]  POm 
I'AI = 1 6 ~ r  3 (3) 

The a n g u l a r  p o s i t i o n  o f  FA wi th  r e s p e c t  t o  t h e  e c l i p t i c  normal  
i s  t h e  sum of two components, a n  a v e r a g e  a n g l e  depending  on 
o r b  i t  i n c l i n a t i o n  

= 2 2 . 5  + 66.4 [1 - cos  ( 2 i  - 15)] d e g r e e s  
( 4 )  r~~ 

and a p e r i o d i c ,  or r i p p l e ,  component g i v e n  by 

211 = 2 8 . 5  cos  t d e g r e e s  rAP ( 5 )  
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The period;T, i s  a f u n c t i o n  o f  t h e  o r b i t  noda l  r e g r e s s i o n  
r a t e ,  Q ,  

and a i s  t h e  ea r th  r a d i u s .  T y p i c a l l y  f o r  a 2 4 0  nm o r b i t  i n -  
c l i n e d  a t  28 .5  degrees ,  w e  f i n d :  

2 IE,I = .227 x webers/ meter 

= 37.5  d e g r e e s  r~~ 

= 28.6 d e g r e e s  rAP 

T = 52 days  

An i n s t a n t a n e o u s  t i m e  d e s c r i p t i o n  o f  i s  no t  g i v e n  b y  Hodge 
and B lackshea r  i n  e c l i p t i c  c o o r d i n a t e s .  However t o  es t imate  
t h e  maximum e f f e c t  o f  t o r q u e  d i s t u r b a n c e s ,  we n o t e  from ( 2 )  
t h a t  t h e  e a r t h ' s  f l u x  d e n s i t y  w i l l  a l w a y s  be less  t h a n  t h e  
p e a k  v a l u e  which o c c u r s  d i r e c t l y  o v e r  a magnet ic  p o l e .  

M A G N E T I C  MOMENTS AND TORQUES 

A body hav ing  a magnet ic  moment and i n  a magnet ic  
f i e l d  i s  s u b j e c t  to a t o r q u e  g i v e n  b y  

- 
T = ii x E newton meters 

where i s  t h e  e q u i v a l e n t  d i p o l e  moment o f  t h e  body and i s  
t h e  f i e l d  f l u x  d e n s i t y .  The moment may b e  a c q u i r e d  i n  a 
number o f  w a y s .  
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C u r r e n t  Flow 

The concep t  o f  magnet ic  moment is u s u a l l y  d e f i n e d  
i n  terms o f  a p l a n e  c o i l  c a r r y i n g  a c u r r e n t ,  I ,  and e n c l o s i n g  
a n  area,  A ,  i . e . ,  

2 - 
m = 5 I A  amperes-meter 

where 6 i s  t h e  u n i t  v e c t o r  normal t o  A ( r i g h t  hand r u l e ) .  
T h i s  approach  i s  u s e f u l  f o r  e v a l u a t i n g  moments a s s o c i a t e d  w i t l ,  
c u r r e n t  c a r r y i n g  c o n d u c t o r s ,  as i n  a n  e l e c t r i c a l  power s y s t e m ,  
and as a basis  f o r  computing t o r q u e s  a s s o c i a t e d  w i t h  c i r -  
c u l a t i n g  c u r r e n t s  i nduced  i n  a conduc t ing  body moving w i t h  
r e s p e c t  t o  a magnet ic  f i e l d .  The l a t t e r  c a s e  i s  f o r m u l a t e d  
b y  Smi th  [ 2 0 ]  who shows t h a t  t h e  t o r q u e  on a t h i n  wall  c y l i n -  
d e r  s p i n n i n g  i n  a uni form magnet ic  f i e l d  normal  t o  i t s  a x i s  
i s  g i v e n  by 

= n u  B2w a3Q h ( l  11 2a - t a n h  E )  Q 

N e w t  on-me t e r  s (9) 

where 

a = r a d i u s  i n  meters 

R = l e n g t h  i n  meters 

h = t h i c k n e s s  i n  meters 

u = c o n d u c t i v i t y  i n  (ohm-meters)-’ 

H i s  d e r i v a t i o n s  a l s o  show t h a t  t h e  t o r q u e  on a c y l i n d e r  t u m b l i n g  
end-over-end i n  a similar f i e l d ,  when ave raged  o v e r  a r e v o l u -  
t i o n ,  i s  e x a c t l y  ha l f  t h a t  given by  ( 9 ) .  

Permanent and Induced Magnetic Moment 

The s t a t e  of magne t i za t ion  of  a body (or magnet ic  
moment p e r  u n i t  volume) i s  de f ined  b y  
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1 -  M = - -  Hi amperes/meter  
P O  

where Bi i s  t h e  i n t e r n a l  f l u x  d e n s i t y  and fIi i s  t h e  i n t e r n a l  
m a g n e t i z i n g  f o r c e .  The t o t a l  moment i s  o b t a i n e d  by i n t e g r a t i n g  
o v e r  t h e  complete  volume, V,  

:- - /- 

Bi (11) 
- - 
m = ' M d V  = ~ (5 - Ei) d V  amperes-meter 

-' v -' v 

The magnet ic  moment p e r  u n i t  volume can  o n l y  b e  c o n s t a n t  f o r  
a n  e l l i p s o i d  s o  t h a t  f o r  o t h e r  shapes (11) i s  u s u a l l y  w r i t t e n  

where A i s  t h e  body c r o s s - s e c t i o n a l  area,  R i s  t h e  l e n g t h ,  and 
t h e  s h o r t e n i n g  f a c t o r ,  RS, i n c l u d e s  t h e  g e o m e t r i c a l  e f f e c t s ,  
T y p i c a l l y  f o r  c y l i n d e r s  having  l e n g t h  t o  diameter r a t i o s ,  

(a), R g r e a t e r  t h a n  1 0 ,  RS approaches  . 75  a s y m p t o t i c a l l y  C191. 

An idea l  magnet ic  mater ia l  i s  one i n  which 
i n  ( 1 0 )  are i n  t h e  same d i r e c t i o n  and r e l a t e d  b y  a c o n s t a n t  o f  
p r o p o r t i o n a l i t y  c a l l e d  t h e  s u s c e p t i b i l i t y ,  x, o r ,  

and Bi 

Combining ( 1 3 )  and ( 1 0 )  g i v e s  t h e  fami l ia r  e x p r e s s i o n  and d e f i n i -  
t i o n  o f  p e r m e a b i l i t y ,  p ,  
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- 
'i - 

S i n c e  p 

t h e  moment of a c y l i n d r i c a l  body i s  c l o s e l y  
i s  la rge  f o r  good magnet ic  mater ia ls ,  - > >  Hi ,  and 

V O  I? 

- 
- Bi 2 m = - A &  RS amperes/meter 

P O  

F i n a l l y  t h e  r e l a t i o n  between i n t e r n a l  and e x t e r n a l  magnet- 
i z i n g  f o r c e s  and moment p e r  u n i t  volume i s  g i v e n  by 

- - Ei amperes Hi = Ho - D B ( G  - B i j meter 

Values  f o r  t h e  demagne t i z ing  f a c t o r ,  DB,  have been  computed 
f o r  v a r i o u s  shapes  and r ange  from 1 . 4  x t o  3 . 3  x 
for c y l i n d e r s  where l o <  { 5 1 0 0  1191. 
t h e  magne t i z ing  f o r c e  Ri, i s  g e n e r a t e d  w i t h i n  t h e  magnet 
i t s e l f ;  Eo < <  

moment i n  ( 1 2 )  can b e  de te rmined  from t h e  material  (B-H) 
c h a r a c t e r i s t i c  and DB. 

t e r n a l l y ;  Hi < <  

up t o  where the  material e n t e r s  s a t u r a t i o n .  To compute 
moment i n  e i t h e r  c a s e  some knowledge o f  mater ia l s  and geometry 
i s  n e c e s s a r y .  

I n  a permanent magnet, 

Ri, and t h e  s t a t e  o f  m a g n e t i z a t i o n  t o  compute 

- 

- 
For - induced  moment, Ho a r i s e s  ex-  

- - Bi H o ,  and  (- - Hi) and no are r e l a t e d  b y  DB 
' J O  

ESTIMATION OF MOMENT AND TORQUE M A G N I T U D E S  

A l i t e r a t u r e  s e a r c h  has produced v e r y  l i t t l e  data  
from which r e a l i s t i c  magnitudes o f  moments and t o r q u e s  can be  
e x t r a p o l a t e d  f o r  t h e  AAP-type v e h i c l e  c o n f i g u r a t i o n s .  Tab le  I 
summarizes a l l  mention of moments s o  f a r  e n c o u n t e r e d ,  whether 
a r i s i n g  from d i r e c t  measurement, data r e d u c t i o n ,  o r  h y p o t h e s e s .  
On t h i s  basis  w e  can  on ly  expec t  t o  make c o a r s e  upper-bound 
t y p e  estimates, u t i l i z i n g  t h e  p r e c e d i n g  f i e l d ,  moment and 
t o r q u e  c o n c e p t s .  Cons ide r  t h e r e f o r e  a c y l i n d r i c a l  v e h i c l e  i n  
o r b i t  w i t h  a g r o s s  weight of 1 3 0 , 0 0 0  pounds o f  which 1 p e r -  
c e n t  b y  weight i s  composed of  f e r r o m a g n e t i c  mater ia l s .  A s -  
sume f u r t h e r  t h a t  t h e  a s s e m b l y  has a l e n g t h  of  1 0 0  f ee t  and 
a diameter o f  2 2  f e e t .  T a k i n g  t h e  d e n s i t y  o f  i r o n  as 
7 . 9  grams/cm', we compute a volume o f  magnet ic  material  o f  



BELLCOMM, INC. - 8 -  

3 abou t  .075 meter . L i t t l e  use o f  magnet ic  ma te r i a l  i s  e x p e c t e d  
i n  t h e  s p a c e c r a f t  s t r u c t u r e .  Most magnet ic  mater ia l  p r e s e n t  w i l l  
l i k e l y  be i n  t h e  form o f  e l e c t r i c a l  components (moto r s ,  t r a n s -  
fo rmers ,  r e l a y  a r m a t u r e s ,  e t c . )  which s h o u l d  n e i t h e r  produce  
l a r g e  moments i n d i v i d u a l l y  nor create  a n  e f f e c t i v e  rnaqnet when 
c o n s i d e r e d  t o g e t h e r .  I n  most c a s e s  magnet ic  mater ia l  used  f o r  
t hese  pu rposes  i s  c h a r a c t e r i z e d  by  a r e l a t i v e l y  narrow h y s t e r e s i s  
l o o p  hav ing  a c o e r c i v e  f o r c e  i n  t h e  o r d e r  o f  1 0 0  amperes/meter ,  
comparable  t o  a n n e a l e d  p u r e  i r o n .  T h i s  s h o u l d  be a r e a l i s t i c  
es t imate  f o r  Ini/ i n  ( 1 6 ) .  r a t i o  o f  50 w i t h  a 
c o r r e s p o n d i n g  demagne t i z ing  f a c t o r  of  1/800 appears t o  b e  a 
r e a s o n a b l e  compromise f o r  a n  e f f e c t i v e  geometry.  Using t h e s e  
v a l u e s  i n  ( 1 6 ) ,  we compute a n  e f f e c t i v e  moment o f  4500 ampere- 
meter2 and a n  a v e r a g e  t o r q u e  a c t i n g  t h r o u g h o u t  each  240 nm, 28.5 
degree o r b i t  o f  ,077  l b - f t .  

An e f ' f e c t t v e  d 

I n  weak f i e l d s  t h e  r e l a t i v e  p e r m e a b i l i t y  o f  demagnet ized 
i r o n  i s  abou t  2 0 0 .  T h i s  assures t h a t  H i  < <  go i n  Equa t ion  ( 1 6 )  
and u s i n g  t h e  p r e v i o u s  geometry,  w e  compute an  e q u i v a l e n t  induced  
moment o f  815 ampere-meter2 wi th  a c o r r e s p o n d i n g  a v e r a g e  b ias  
t o r q u e  o f  .014 l b - f t .  

The power supp ly  c u r r e n t  i s  a p o t e n t i a l  moment con- 
t r i b u t o r  as shown b y  Equat ion  ( 8 ) .  Fo r  example ,  a 28 v o l t  power 
s y s t e m  d e l i v e r i n g  5KW t o  a load 1 0 0  f ee t  away o v e r  c o n d u c t o r s  

2 separated by 1 f o o t  w i l l  produce a moment o f  1700 ampere-meter . 
The c o r r e s p o n d i n g  a v e r a g e  per o r b i t  t o r q u e  i s  . 0 3  l b - f t  and t h e  
maximum peak t o r q u e  i s  . 0 6  l b - f t .  C o n s i d e r i n g  t h e  f a c t  t h a t  
t h e  e f f e c t i v e  moment i s  t h e  v e c t o r  sum o f  t h e  i n d i v i d u a l  space-  
c r a f t  c i r c u i t s ,  most o f  which have conduc to r  s e p a r a t i o n s  much less  
t h a n  1 f o o t ,  t h i s  estimate should be c o n s e r v a t i v e  b y  a s u b s t a n t i a l  
f a c t o r .  

The t o r q u e  c o n t r i b u t i o n  from induced  c u r r e n t s  as t h e  
assumed assembly moves through t h e  e a r t h ' s  f i e l d ,  Equa t ion  ( g ) ,  
i s  small due t o  t h e  low r a t e  o f  f l u x  change t h r o u g h  t h e  c y l i n d e r .  
S i n c e  t h e  v e h i c l e  i s  n o t  s p i n n i n g  abou t  a n  a x i s ,  i t s  e q u i v a l e n t  
maximum a n g u l a r  r a t e  i n  t h e  e a r t h ' s  f i e l d  i s  2~ r a d i a n s  p e r  
o r b i t  which o c c u r s  i n  t h e  magnet ic  p o l a r  p l a n e .  Assuming a 90  
minute  o r b i t a l  p e r i o d ,  t h e  same c y l i n d r i c a l  d imens ions  p r e v i o u s l y  
assumed, a s h e l l  t h i c k n e s s  of 0 . 1  i n c h ,  and r e s i s t i v i t y  o f  
2 .8  x 
o r b i t  t o r q u e  i s  1 .51  X 10 l b - f t  and t h e  peak t o r q u e  i s  
7.66 x l b - f t .  

ohm- meters f o r  aluminum, t h e  e q u i v a l e n t  a v e r a g e  p e r  
-4 
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Fo r  convenience we tabulate our estimated upper 
bounds as follows 

Source 
Moment 

amp -meter 
Upper Bound 

Average torque 2 

lb ft 

Earth Induction 815 
Residual Magnetism 4500 

Power Currents 1.7 x 10 
Induced Currents - 

3 

Arithmetic Sum 

.014 
0 7 7  

. 0 3 0  
1.51 

. 1 2  
This tabulation shows that the torque components due to 
induction by the earth's field, unbalanced power supply 
currents, and circulating currents induced by motion through 
the earth's field are smaller and of less potential importance 
than the effect that might be produced if a relatively large 
mass of permanently magnetized material is incorporated in 
the orbiting assembly. The assumptions under which these 
smaller torque components are estimated have been chosen to 
produce conservative upper bounds. The residual magnetism 
component is much less definite in this respect. In view 
of its magnitude, further study of the mass, volume, geometry 
and state of magnetization of the magnetic components included 
in the vehicle is advisable so that an adequate magnetic 
model can be developed. 

1022-DPW-aj 1 

Attachments 
Table 1 
Figures 1 and 2 
Bibliography 



Reference"  

C71 

TABLE I 

L i t e r a t u r e  ReDorted Moments 

Veh ic l e  

Snap 10A r e a c t o r  

Moment 
amp-meter 2 

95 

C6l 

1 4 . 3  

E131 

C l 4 l  

The rmo-convert e r  

O A O ,  c o i l  des igned  f o r  c o n t r o l  

pu rposes  

lOkg = 2 2  l b  of f e r r o m a g n e t i c  

mater ia l  8 . 6  

T i r o s  I ( d u e  mainly t o  s p i n )  .896 

des igned  permanent magnet for 1 l b  f t  

t o r q u e  for l a r g e  manned space  s t a t i o n  38 ,700  

c o i l  des igned  for c o n t r o l  o f  a 3 f t  

s p h e r i c a l  v e h i c l e  

3000 lb v e h i c l e  u s i n g  a 30 l b  

A ln ico  V magnet f o r  c o n t r o l  

E x p l o r e r  X I  

E x p l o r e r  I V  

2 1 , 0 0 0  l b  v e h i c l e  

93  

1160 

2.35 

1 9  

1160 

*See B ib l iog raphy  
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